The advent of molecular tension probes for real-time mapping of piconewton forces in living systems has had a major impact on mechanobiology. For example, DNA-based tension probes have revealed roles for mechanics in platelet, B cell, T cell, and fibroblast function. Nonetheless, imaging short-lived forces transmitted by low-abundance receptors remains a challenge. This is a particular problem for mechanoimmunology where ligand-receptor bindings are short lived, and a few antigens are sufficient for cell triggering. Herein, we present a mechanoselection strategy that uses locking oligonucleotides to preferentially and irreversibly bind DNA probes that are mechanically strained over probes at rest. Thus, infrequent and short-lived mechanical events are tagged. This strategy allows for integration and storage of mechanical information into a map of molecular tension history. Upon addition of unlocking oligonucleotides that drive toehold-mediated strand displacement, the probes reset to the real-time state, thereby erasing stored mechanical information. As a proof of concept, we applied this strategy to study OT-1 T cells, revealing that the T cell receptor (TCR) mechanically samples antigens carrying single amino acid mutations. Such events are not detectable using conventional tension probes. Each mutant peptide ligand displayed a different level of mechanical sampling and spatial scanning by the TCR that strongly correlated with its functional potency. Finally, we show evidence that T cells transmit pN forces through the programmed cell death receptor-1 (PD1), a major target in cancer immunotherapy. We anticipate that mechanical information storage will be broadly useful in studying the mechanobiology of the immune system. TCR | receptor mechanics | tension sensor | PD1 S tudying the interplay between mechanical forces and chemical signaling in living cells is challenging. This is due, in part, to the difficulties of detecting the piconewton (pN) forces that deform biomolecules and trigger mechanotransduction pathways. We previously developed molecular tension-based fluorescence microscopy (MTFM) to address the challenge of realtime mapping of the pN forces exerted by live cells (1). MTFM probes are anchored to a surface and composed of a spring-like element flanked by a fluorophore and quencher and presenting a biological ligand for receptor recognition (2, 3). The key design requirement for MTFM probes is to maximize fluorophore quenching when the probe is at rest and to conversely minimize quenching when the probe experiences pN force. MTFM has found a range of applications, revealing the pN forces involved in platelet activation (4) and T cell and B cell receptor triggering (5, 6), as well as cell adhesion and migration (7).
The advent of molecular tension probes for real-time mapping of piconewton forces in living systems has had a major impact on mechanobiology. For example, DNA-based tension probes have revealed roles for mechanics in platelet, B cell, T cell, and fibroblast function. Nonetheless, imaging short-lived forces transmitted by low-abundance receptors remains a challenge. This is a particular problem for mechanoimmunology where ligand-receptor bindings are short lived, and a few antigens are sufficient for cell triggering. Herein, we present a mechanoselection strategy that uses locking oligonucleotides to preferentially and irreversibly bind DNA probes that are mechanically strained over probes at rest. Thus, infrequent and short-lived mechanical events are tagged. This strategy allows for integration and storage of mechanical information into a map of molecular tension history. Upon addition of unlocking oligonucleotides that drive toehold-mediated strand displacement, the probes reset to the real-time state, thereby erasing stored mechanical information. As a proof of concept, we applied this strategy to study OT-1 T cells, revealing that the T cell receptor (TCR) mechanically samples antigens carrying single amino acid mutations. Such events are not detectable using conventional tension probes. Each mutant peptide ligand displayed a different level of mechanical sampling and spatial scanning by the TCR that strongly correlated with its functional potency. Finally, we show evidence that T cells transmit pN forces through the programmed cell death receptor-1 (PD1), a major target in cancer immunotherapy. We anticipate that mechanical information storage will be broadly useful in studying the mechanobiology of the immune system. TCR | receptor mechanics | tension sensor | PD1 S tudying the interplay between mechanical forces and chemical signaling in living cells is challenging. This is due, in part, to the difficulties of detecting the piconewton (pN) forces that deform biomolecules and trigger mechanotransduction pathways. We previously developed molecular tension-based fluorescence microscopy (MTFM) to address the challenge of realtime mapping of the pN forces exerted by live cells (1) . MTFM probes are anchored to a surface and composed of a spring-like element flanked by a fluorophore and quencher and presenting a biological ligand for receptor recognition (2, 3) . The key design requirement for MTFM probes is to maximize fluorophore quenching when the probe is at rest and to conversely minimize quenching when the probe experiences pN force. MTFM has found a range of applications, revealing the pN forces involved in platelet activation (4) and T cell and B cell receptor triggering (5, 6) , as well as cell adhesion and migration (7) .
One fundamental challenge in MTFM pertains to imaging transient mechanical events. This is because MTFM probes rapidly refold (within microseconds) upon termination of the mechanical input (8) . Hence, long-lived molecular forces or forces mediated by high-copy number receptors have been the focus of MTFM studies. Even single-molecule imaging of MTFM probes, which is difficult to implement in live cells, fails to capture rare mechanical events or transient mechanical events with a lifetime below that of the fluorescence acquisition time window (>100 ms) (9) . One potential solution is to use the tension gauge tether (TGT) technology, which employs DNA duplex probes that are irreversibly denatured at specific thresholds of forces (10) . However, the minimum detectable force threshold is ∼12 pN applied for a duration of 2 s. Additionally, rupture of the TGT terminates mechanical signaling and modulates the biological response. Hence, the TGT approach is not appropriate for detecting weak or short-lived mechanical events (10) .
Thus, there is a significant need to develop new probes to detect infrequent or short-lived mechanical events actively generated by cells. Such rare mechanical events are especially important to mechanoimmunology. For example, single-molecule mechanical stimulation through the T cell receptor (TCR) peptide-major histocompatibility complex (pMHC) bond is sufficient to trigger T cells (11) . Moreover, single-molecule force spectroscopy experiments show that the TCR-pMHC bond lifetime ranges from tens of milliseconds to 1 s, as a function of the applied force (1 to 20 pN) and the identity of the TCR-antigen pair (11) (12) (13) (14) . Therefore, developing molecular probes that can visualize rare and transient pN forces will provide deeper insights into mechanoimmunology.
Herein, we demonstrate the concept of dynamic mechanical information storage to record and erase molecular force signals (Fig. 1A) . To achieve this goal, we employ the most sensitive class of MTFM probes, stem-loop DNA hairpins that function as a reversible digital switch (real-time closed; Fig. 1A ) (5, 7) . DNA
Significance
To defend against cancer and viral infections, the T cell receptor (TCR) must recognize antigens on the surface of target cells. TCR antigen recognition involves the transmission of forces which are often weak, infrequent, and short lived, and hence difficult to study. We solve this challenge by developing molecular probes that store mechanical information. This approach reveals the TCR forces when encountering different antigens, and this mechanical sampling is correlated with antigen potency. Since coreceptors are heavily involved in tuning immune function, we investigate the programmed cell death receptor 1 (PD1) and show that T cells transmit forces to this coinhibitory receptor, thus suggesting that mechanics may play a role in this important checkpoint pathway.
MTFM probes are highly modular, and the equilibrium force that leads to a 50% probability of hairpin unfolding (real-time open; Fig. 1A ), F 1/2 , can be tuned by adjusting the GC content and length of the stem-loop structure (7, 15, 16) . DNA MTFM probes unfold and rapidly refold in response to forces applied by cell receptors. In our approach, storage of mechanical events is mediated by a locking oligonucleotide that selectively hybridizes to mechanically unfolded hairpins and prevents refolding (Fig. 1B) . Therefore, mechanical unfolding of probes is irreversible upon addition of the locking strand (locked, Fig. 1A ). The locking strand can be modified with a fluorophore, Atto647N (SI Appendix, Fig.  S1 ), to report the accumulation of mechanical events that equal or exceed F 1/2 . This accumulated mechanical signal can subsequently be erased by an unlocking strand that triggers a toehold-mediated strand displacement reaction (Fig. 1A) .
Using this mechanical information storage strategy, we demonstrate the ability to perform multiple cycles of storing and erasing TCR forces, as well as mapping tension in static and migratory primary CD8 + T cells. This method reveals the mechanical sampling dynamics of TCRs challenged with the antigenic pMHC, along with near-cognate pMHC ligands displaying single amino acid mutations. The results demonstrate that the TCR mechanically samples antigenic pMHCs with forces >4.7 pN, and the frequency as well as area coverage of mechanical sampling is sensitive to single amino acid mutations. Finally, the locking MTFM probes show that the programmed cell death receptor 1 (PD1), an immune checkpoint inhibitor, transmits pN forces to its ligand in primary T cells. This report demonstrates the pN force transmission through the PD1-PDL2 complex, which underscores the power of mechanical information storage in capturing fleeting mechanical events generated by low abundance receptors.
Results and Discussion
To achieve mechanical information storage, we first screened a small library of oligonucleotides to identify appropriate candidates for mechanically selective hybridization. Ideally, the locking oligonucleotide must rapidly bind to the unfolded hairpin and also display thermodynamic stability such that it remains bound to the probe for the duration of the experiment. Since the binding target is a stem-loop hairpin, these 2 properties are at odds as the most thermodynamically stable locking strand is a full complement, which will also form a hairpin itself, thus hindering the rate of locking. Conversely, shorter locking strands that lack the full stem enhance the rate of locking but reduce thermodynamic stability. Based on these criteria, we designed 5 different locking oligonucleotides that ranged in length from 25mer to 13mer to screen (SI Appendix, Table S1 ). We prepared gold nanoparticle MTFM tension probe surfaces as described previously (SI Appendix, Fig. S2 ) (5) . Atomic force microscopy and fluorescence microscopy (SI Appendix, Fig. S3 ) showed that the tension probe substrates were uniform and displayed an average of 1,000 ± 89 gold nanoparticles per μm 2 , with ∼4.4 DNA tension probes per particle (5) . Based on this screen, we used the 17mer as the locking strand due to its favorable binding (SI Appendix, Fig. S4 ). To estimate mechanoselectivity, we compared the differential binding of locking strand to MTFM probe at rest to that of an unstructured sequence (mimicking the unfolded probe) and found 2 orders of magnitude difference (SI Appendix, Supplementary Note and Fig. S5 ). For unlocking experiments, we engineered an 8-nt toehold with 50% GC content at the 3′ end of the locking strand. The addition of unlocking strand triggered a rapid toehold-mediated strand displacement reaction that released locking strands from the DNA probes, resetting the probes to the closed state (SI Appendix, Fig. S6 A and B). To test the locking/unlocking concept in live cells, naïve OT-1 T cells were allowed to adhere and spread on MTFM probe surfaces presenting anti-CD3e antibodies. Cells generated tension signal as the TCR engaged the antibody and transmitted forces to the probes (real time; Fig. 1C) . Subsequently, the Atto647N-tagged locking strand was added for 10 min and washed, and the same T cells were imaged, confirming binding (locked; Fig. 1C) . Importantly, the Cy3B hairpin signal increased after the locking strand was introduced (linescan; Fig. 1C ), indicating that the locking strand led to the accumulation of opened hairpins. We found significant colocalization between the Cy3B (hairpin opening) and the Atto647N (locking strand) signals, as evident from line scan analysis and the Pearson's correlation coefficient of 0.72 ± 0.096 (n = 20 cells). Since the excess locking strand was rinsed away before reimaging, we anticipate that some mechanical hairpin unfolding events will not be accompanied by locking strand hybridization. We next tested erasing the stored cellular mechanical information. This process was triggered by adding 200 nM unlocking strand to the sample for 2-3 min and confirmed by imaging the same group of T cells (unlocked; Fig. 1C ). The unlocking process was rapid and reached completion within 60 s (Fig. 1D and SI Appendix, Fig.  S6C ; n = 31 cells). Control experiments using tension probes with a scrambled stem-loop confirmed the specificity of locking real-time tension (SI Appendix, Fig. S7 A-C). Time lapse videos confirmed the unlocking of stored information was due to toehold-mediated strand displacement (Movie S1) rather than photobleaching (Movie S2) and was sequence-specific (SI Appendix, Fig. S7 D-F and Movies S3 and S4). Control experiments using latrunculin B (5 μM, 15 min), a cytoskeletal inhibitor, confirmed that the locked tension was maintained even when receptor forces were minimized (SI Appendix, Fig. S8 ).
One advantage of this strategy is the ability to arbitrarily toggle between the locked and unlocked states of the probe, thus selecting different time windows for integrating the force signal. Accordingly, we performed multiple rounds of mechanical information storage and erasing. TCR-anti-CD3e forces were first imaged (real-time tension; Fig. 2A ), and 200 nM locking strand was subsequently added to accumulate tension signal for 10 min. Excess locking strand was then washed away, and stored tension images were acquired (first cycle locked; Fig. 2A ). The stored tension signal was then erased with 100 nM unlocking strand for 3 min (first cycle unlocked; Fig. 2A ). This procedure was repeated for 2 additional cycles, and the hairpin opening and locking strand signal for the same naïve OT-1 cell was imaged. To quantify how locking and unlocking modulated the Cy3B tension signal, we repeated the same experiment using an unlabeled locking strand that eliminates potential bleedthrough and thus reduces the number of washes required for these measurements. Statistically significant changes were observed in integrated Cy3B intensity upon addition of locking and unlocking strand ( Fig. 2B ; n = 27 cells), corresponding to the accumulation of tension or erasing of the stored tension. The increasing levels of locked tension signal at later wash cycles may reflect the mechanosensitive nature of the TCR, which experiences shear forces during addition and washing of the oligonucleotide probes. Both inadvertent washing-induced activation of T cells and also T cell fatigue may be minimized in future studies by using microfluidics.
We next investigated the potential of mechanical information storage to map TCR forces produced by a migratory T cell ( 2C). To trigger the migration, we engineered surfaces presenting ICAM-1 molecules along with the antigenic N4 pMHC (peptide: SIINFEKL), which is a commonly studied OT-1 TCR antigen (17) . ICAM-1 binds to lymphocyte function-associated antigen 1 (LFA-1), which is crucial in T cell activation, adhesion, and crawling (18) . The copresentation of these 2 ligands triggered a highly migratory phenotype of OT-1 cells (Movie S5). The TCR tension was primarily located at the trailing edge of the cells and was highly transient, dynamically following the cellular trajectory along the substrate (real-time; Fig. 2D and Movie S5). Motile T cells show a distinct TCR force map compared with static cells exclusively stimulated with N4 pMHC; the latter formed a ringlike tension pattern that evolved to distribute across the cellsubstrate contact area (Fig. 3A) (5) . Upon addition of the locking strand, the TCR tension signal was enhanced and also extended across the T cell track, revealing the spatial distribution of pMHC ligands scanned with F > 4.7 pN over 10 min (locked; Fig.  2D ). Interestingly, these images show that the T cell mechanically scanned a significant fraction of antigen (81 ± 28% over its initial contact area, n = 10 cells) within a 10-min migration time window. Thus, the dynamic T cell synapse (kinapse) represents a zone of TCR mechanosensing (19) (20) (21) . Upon addition of the unlocking strand, probes reset back to the real-time state and exclusively showed tension at the trailing cell edge (unlocked state; Fig. 2D ). Taken together, these experiments show the utility of the locking/unlocking strategy to visualize the molecular forces associated with static and migratory T cells across different time scales. Given that mechanolocking enhances TCR-pMHC tension signal by accumulating pulling events that are >4.7 pN, we next aimed to determine the degree of enhancement and its accumulation dynamics. OT-1 T cells were allowed to engage realtime tension probes and then incubated with unlabeled locking strand (200 nM). The unlabeled locking strand was beneficial here because it eliminated bleedthrough from Atto647N and reduced rinsing steps. Fig. 3A shows a time course for TCR-N4 pMHC tension signal accumulation for 3 cells upon addition of the locking strand. Interestingly, the tension signal was concentrated at the central and peripheral region of the cell-substrate interface and accumulated over time after lock strand addition (SI Appendix, Fig. S9 ). Analysis of kinetics for n = 16 cells showed that the signal approached saturation by t = 10 min (Fig.  3B) . Notably, the enhancement of the integrated N4 tension signal per cell was ∼189-fold in this experiment. Tension occupancy, which is the fraction of the cell contact area showing tension signal, reached 91% in 10 min. The tension occupancy is an indication of the area that is mechanically scanned by the TCR with F > 4.7 pN in search for antigen. The kinetics of the tension occupancy increase is in agreement with a recent report showing that T cell microvilli search for cognate antigen at a consistent coverage (22) .
We next sought to investigate how T cells differentially mechanically sample their cognate and near-cognate ligands over time. The TCR-pMHC interaction is highly specific, allowing T cells to discriminate between single amino acid mutants of the cognate pMHC despite their similar μM-range 3D affinity (23) . Single-molecule force spectroscopy measurements suggest that the stability of the TCR-pMHC complex at differing levels of mechanical strain provides a mechanism to enhance antigen discrimination (12) . We tested a panel of well-characterized altered peptide ligands, as well as anti-CD3e, against OT-1 cells. Fig. 3C shows representative TCR tension maps of naïve OT-1 cells challenged with the cognate N4 pMHC and single amino acid mutants of the fourth position of SIIXFEKL, where X = Q, V, and G. In the real-time state, cells produced the greatest tension signal with anti-CD3e, followed by N4, with the mutant pMHC antigens producing weak or nondetectable tension signal. This result is consistent with our prior work with V4 (5) and also with the reported bond lifetimes for mutant ligands (11) . For example, independent of CD8, TCR-pMHC N4 binding displays catch-bond behavior, with an average bond lifetime of 100 ms at 0 pN and 800 ms at 10 pN. However, the TCR exhibits slip-bond behavior with the mutant pMHC G4 (SIIGFEKL), displaying an average bond lifetime of 300 ms at 0 pN and <100 ms at 10 pN (11, 23) . Such short-lived mechanical events are difficult to visualize with conventional MTFM probes. Upon addition of the locking strand, the integrated tension signal was significantly enhanced in all of the tested antigens. Although mechanical events mediated between TCRs and weak antigens are transient and previously undetectable, the addition of the locking strand amplified the tension signal and rendered it detectable (locked tension; Fig. 3C ). The less potent pMHC Q4 produced a ring pattern that could be observed after locking, although it was much less pronounced compared with the N4 antigen. With pMHC V4 and G4, tension did not show the typical ring pattern and was more disorganized. The mutant antigens showed significantly weaker integrated tension and tension occupancy, which can be attributed, in part, to TCR-pMHC bond failure as well as the lack of T cell triggering. We noticed that the signal accumulation levels differed when cells were presented with antibody, cognate pMHC, and altered peptide ligands. To quantify these differences on a per cell basis, we defined 2 parameters: the mechanical sampling factor, which is the fold enhancement in integrated tension signal, and the mechanical scanning factor, which reflects the fold increase in tension occupancy (Fig. 3D) . These factors reflect the frequency of TCR binding to antigens, applying F > 4.7 pN, dissociating, and then sampling new ligands (Fig. 3E) . Interestingly, the integrated tension signal and the tension occupancy varied significantly for different antigens (SI Appendix, Fig. S10 ). Plots in Fig. 3D show the mechanical sampling and mechanical scanning factors for different TCR ligands averaged from n > 10 cells per group. Surprisingly, the average mechanical sampling factor was only 5 ± 0.5 (mean ± SEM) for anti-CD3e, whereas for N4 it was 165 ± 21, followed by 66 ± 32, 33 ± 9, and 10 ± 4 for the Q4, V4, and G4 antigens, respectively (Fig. 3D and SI Appendix, Fig. S10A ). Although the real-time tension with anti-CD3e was the greatest among all tested ligands (Fig. 3C) , it failed to accumulate as fast as N4, implying less frequent mechanical sampling by the TCRs, which is likely partially due to the slow k off of the antibody. The difference in 2D kinetics of TCR-ligand interactions is likely an important contributor to the significant difference in mechanical sampling factor across the panel of altered peptide ligands. For example, independent of CD8 engagement, the TCR-pMHC N4 interaction has an effective 2D on-rate A c k on = 1.7 × 10 −3 μm 4 s −1
at 25°C (23) . This rapid on-rate enables T cells to search for and sample antigens at high speed and quickly accumulate sufficient antigen stimulation for further signaling. In contrast, for less potent pMHC G4, A c k on = 4.7 × 10 −5 μm 4 s −1 (23), which contributes to a smaller mechanical sampling factor. There has been long standing speculation that the rapid kinetics of TCR-antigen binding provides an advantage in terms of maximizing sampling of antigen. Our results confirm this notion through the mechanical sampling factor for N4.
The mechanical scanning factor, which is a measure of the increase in tension occupancy and is related to cytoskeleton coordination of TCRs, showed similar trends. Before locking, the tension occupancy for the anti-CD3e and N4 ligands was 60.8 ± 2.1% (mean ± SEM) and 8.3 ± 1.1%, respectively (real time; Fig.  3C and SI Appendix, Fig. S10B ). After locking, the tension occupancy increased to 88.7 ± 1.2% and 90.6 ± 1.4% for anti-CD3e and N4, respectively (locked; Fig. 3C and SI Appendix, Fig.  S10B ), leading to a scanning factor of 1.6 ± 0.1 (mean ± SEM) for anti-CD3e and 23.6 ± 3.3 for N4. Within 10 min of contacting the surface, cells leveraged the short-lived TCR-pMHC N4 bond to mechanically scan almost the entire contact area, significantly faster than the cells on anti-CD3e substrate, although both ligands can activate T cells effectively. Moreover, the locked tension signal showed a ring pattern with puncta at its center (pMHC N4; Fig. 3C ), demonstrating that the most frequent pulling events were arranged and focused at the edge and the center of the cells. This pattern resembles the architecture of the immunological synapse. With the altered peptide ligands, the decreased scanning factor (Fig. 3D) , together with the reduced contact area (pMHC Q4, V4, G4; Fig. 3C ), suggest weaker cytoskeleton engagement, which might be an outcome of reduced cell triggering. These direct measurements of TCR mechanical sampling and scanning agree well with previous single-molecule force spectroscopy measurements, where forces were applied externally to determine 2D kinetics and affinity (23) . We also found that the mechanical sampling and scanning factors were both highly correlated to the potency of these antigens (as measured using published cytokine production assays) (24, 25) , further underscoring the potential of these mechanical parameters as readouts of T cell activation (Fig. 3F) .
Although TCR-pMHC affinities are weak (K d ∼μM), T cells tend to express high copy numbers of the TCR. The reported density of TCRs in naïve OT-1 cells is ∼130 to 200 molecules per μm 2 (23) . To demonstrate mapping of forces generated by low abundance receptors, we next investigated mechanotransduction of the PD1. PD1 is a coinhibitory receptor that down-regulates T cell activation when it encounters its ligands, programmed cell death ligand 1 (PDL1), and/or ligand 2 (PDL2) (26) . PD1 density is low in naïve OT-1 CD8 + cells, with 0.2 molecules per μm 2 (24 ± 1 copies per cell) and 6.8 molecules per μm 2 (671 ± 16 copies per cell) in antibody-stimulated activated cells (27) . Hence, we activated naïve OT-1 cells using the N4 peptide for 48 h (see SI Appendix, Materials and Methods), and the activated cells were imaged on tension probes presenting either anti-PD1 antibody or murine PDL2. TCR-anti-CD3e forces were also quantified as a positive control. Without the locking strand, the PD1-anti-PD1 and PD1-mPDL2 tension was very weak or nondetectable (real-time; Fig. 4A ). However, the PD1 tension signal was enhanced upon addition of the locking strand (1 μM, introduced 30 min after cell plating) (locked; Fig. 4A ). In contrast to TCR forces, PD1-mPDL2 tension was less abundant and more punctate and did not display a typical ring-pattern characteristic for TCR ligands. The integrated tension intensity and tension occupancy were quantified before and after incubation with the locking strand (SI Appendix, Fig. S11 ). Both parameters were weaker for the mPDL2 ligand compared with the PD1 antibody, likely reflective of their relative affinities (28) . Even upon addition of the locking strand, there was modest signal enhancement compared with that of the TCR antigens. Employing similar parameters defined in Fig. 3D , we found that the mechanical sampling factor was 6.4 ± 1.5 for mPDL2 and 20.8 ± 2.9 for anti-PD1 (Fig. 4B) . The mechanical scanning factor was 2.9 ± 0.4 for mPDL2 and 6.4 ± 0.8 for anti-PD1 (Fig.  4C) . These values imply that PD1 forces were less dynamic when T cells were stimulated with mPDL2 compared with anti-PD1. Given that PD1-PDL2 binding mediates dampening of T cell activity and adhesion (29) , it is plausible that this difference reflects differential T cell activation upon stimulation with PDL2 versus anti-PD1. Taken together, the mechanical information storage approach clearly shows that PD1 transmits F > 4.7 pN to its ligand upon surface engagement. Future studies are needed to determine whether and how mechanical forces modulate PD1 signaling.
Conclusion
This work implements a strategy that can switch between mapping the real-time receptor force and accumulated force history and overcomes the shortcomings in mapping weak and transient mechanical events that are characteristic of immune receptor interactions. By employing multiple tension locking and unlocking cycles, we demonstrate the utility of this technique for studying both static and migratory cell mechanics. This method was further applied to visualize and analyze TCR forces upon engagement to cognate antigen and altered peptide ligands. With this technique, we were able to define mechanical sampling-scanning factors that correlated with ligand potency. Moreover, this strategy revealed PD1 receptor mechanics, featuring a punctate pattern with a less dynamic sampling profile than the TCR. Mechanical locking represents a significant improvement in sensitivity for molecular tension probes, and therefore, it may become the standard in the field when studying mechanoimmunology. We recognize 2 potential limitations of mechanical information storage. First, the signal enhancement comes at a cost of losing temporal information; thus, this method cannot capture the oscillatory dynamics of T cell forces (30, 31) . Second, the addition of locking strand slightly tilts the energy landscape of hairpins toward the open state, which will reduce the effective F 1/2 in a concentration-dependent manner. Nonetheless, this work demonstrates a powerful strategy to investigate weak, transient, and less abundant mechanical events, which is expected to be widely useful for studying the mechanobiology of immune cells.
Materials and Methods
Surface Preparation. Activated glass coverslips were functionalized with a dense layer of gold nanoparticles. Thiolated DNA tension probes were then anchored to the gold particles presenting appropriate ligands (pMHCs, antiCD3e, anti-PD1, or mPDL2).
Cells. All experiments were performed with purified CD8 + primary OT-1 cells that were either naïve (for TCR measurements) or activated (for PD1 measurements).
Imaging. Microscopy was performed using a Nikon Eclipse Ti system equipped with Evolve EMCCD (Photometrics), an Intensilight epifluorescence source (Nikon), a CFI Apo 100× NA 1.49 objective (Nikon), and a TIRF launcher with 3 laser lines: 488 nm (10 mW), 561 nm (50 mW), and 638 nm (20 mW).
